Using the conjugative transposon Tn916, we have identified a closed covalent circular form produced in vivo that is able to serve as an intermediate in transposition. When
Transposons have been divided into classes differentiated on the basis of the mechanisms proposed for their transposition [reviewed by Grindley and Reed (1) and Derbyshire and Grindley (2) ]. It has so far been impossible to isolate an in vivo intermediate in the process of transposition, with the exception of the cointegrates formed by Tn3-type elements. Although circular DNA forms are associated with TnlO, these are not believed to be transposition intermediates. For the conjugative transposon Tn9O6, the existence of a circular transposition intermediate has been postulated because excision, which is thought to be required for transposition, is precise. In this paper, we describe the isolation of a circular form of Tn916 that is capable of transposition.
Conjugative transposons promote conjugation in the absence of plasmids or other transfer factors [reviewed by
Clewell and Gawron-Burke (3)] and may be responsible for the spread of antibiotic resistance in some pathogenic Grampositive organisms (4) . The donor and recipient strains need not be of the same species, or even of the same genus (5) , and the only DNA transferred to the recipient strain is that of the transposon. The location of the transposon in the genome of the transconjugant generally differs from its location in the donor. Thus, the conjugational transposition event may be viewed as a case in which the transposon and target DNA happen to reside in different cells. Several of these elements have been described in various Gram-positive organisms (4, (6) (7) (8) (9) ; all are large [one of the smallest is the 16.4-kilobase (kb) Tn916] and all have the tetM gene, which encodes resistance to tetracycline.
By using in vitro DNA techniques and transposon-encoded drug resistance markers for selection, the conjugative transposons TnJS45 and Tn916 have been cloned in plasmids in Escherichia coli (5, 10, 11) . In this host, these transposons excise at a very high frequency. Because transposition of conjugative transposons is a rare event in E. coli (5, 12) and conjugal transfer does not seem to occur, these elements are then lost from the E. coli population (5, 10, 11) .
Recent sequence analysis showed that, unlike most transposons, Tn1545 and Tn916 are not flanked by long terminal repeated sequences and they do not generate a duplication of the target site into which they insert (12, 13 We recently used Tn9J6 as a mutagen in Streptococcus pyogenes to obtain mutations in a locus (mry) that regulates expression of the M protein, the major virulence determinant of this organism (10) . We cloned this region of the streptococcal chromosome in a cosmid vector and selected for the tetracycline resistance of Tn9J6 in E. coli. Restriction analysis of the resulting chimeric cosmid showed an unexpected band on an agarose gel. From its mobility, we hypothesized that this band might contain a free supercoiled form ofTn916. In this study we present the confirmation of this hypothesis and show that, when purified, this free supercoil can serve as an intermediate capable of transforming a recipient strain to tetracycline resistance and inserting at any of several sites in its chromosome. The inserted transposon retains the ability to undergo conjugative transposition.
MATERIALS AND METHODS
Strains, Media, and Antibiotics. The following bacterial strains were used: the recA-, endAl, gyrA96, thi-J, hsdRl7 supE44 E. coli strain DH1 (14) , Bacillus subtilis Marburg 168 trp (15) , and the streptomycin-resistant S. pyogenes strains JRS1 and JRS4 (16) . Unless otherwise indicated, B. subtilis and E. coli were grown in Luria-Bertani broth (17) and S. pyogenes in Todd-Hewitt yeast extract broth (THY broth) (18) . Antibiotics were used at the following concentrations: E. coli, tetracycline at 5 pg/ml and ampicillin at 50 ,g/ml; B. subtilis, tetracycline at 10 jug/ml and chloramphenicol at 5 Ag/ml; S. pyogenes, tetracycline at 5 ,ug/ml and streptomycin at 1000 ug/ml.
Plasmids and Purification of DNA. The chimeric plasmid pAM120 contains Tn916 cloned in the vector pGL101 (11) . The 44.3-kb plasmid pJRS1006 contains aBamHI fragment of the S. pyogenes chromosome with Tn9J6 in the mry gene inserted into the cosmid vector pJC74 (10) , and pJRS1006.1 is pJRS1006 from which Tn9J6 has spontaneously excised.
pLC4 is a 9.1-kb E. coli-B. subtilis shuttle vector that encodes resistance to chloramphenicol (19) . Plasmid DNA was purified from strains bearing pJRS1006, after growth in ampicillin and tetracycline, by two rounds of equilibrium centrifugation of a sheared lysate through ethidium bromide/cesium chloride (20) . Smaller plasmids were puriAbbreviation: TcR, tetracycline-resistant.
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fied after alkaline lysis (21) . The chromosome from B. subtilis was purified according to Saito and Miura (22) .
Southern Blot Analysis. The hybridization procedures of Meinkoth and Wahl (23) were employed, using probes labeled with 32P by the method of Feinberg and Vogelstein (24) . The Tn916-specific probe consisted of a purified 9.3-kb Hpa II fragment of pAM120 that is internal to the right arm of Tn916 (25) . Other probes are described in the text.
Purification of the Supercoiled Intermediate of Tn916. Undigested pJRS1006 DNA was separated by electrophoresis through 0.4% low-gelling-temperature agarose (FMC, Rockland, ME) in a buffer containing 40 mM Tris acetate (pH 8.1), 2 mM EDTA, and ethidium bromide at 0.05 pug/ml. The band containing the supercoiled intermediate was visualized by brief exposure to UV light (366 nm) and excised with a razor blade. An equal volume of TE (0.01 M Tris-HCI/0.001 M EDTA, pH 8.0) was added and the mixture was incubated at 650C until the agarose had melted completely (10 min). The sample was slowly cooled by incubation for 10 min at 470C followed by 10 min at 370C, and an equal volume of TEsaturated redistilled phenol was added. The sample was gently mixed by inversion, cooled to -80'C for 5 min, and then centrifuged for 5 min in a microcentrifuge. The aqueous layer was removed to a fresh tube and the phenol/agarose layer was re-extracted with one-fifth volume TE and treated as before. The two aqueous layers were pooled, and the DNA was precipitated by the addition of 0.1 vol of 3 M sodium acetate and 2 vol of 95% (vol/vol) ethanol and washed three times in 70%o ethanol. The final product was dried under reduced pressure and resuspended in TE.
Transformation of B. subtilis Protoplasts. B. subtilis protoplasts were transformed according to the method of Chang and Cohen (26), using tetracycline to select for Tn916 or chloramphenicol to select for pLC4.
Filter Matings Between B. subtils and S. pyogenes. Tn916
was transferred by conjugation in filter matings as described by Franke and Clewell (8 To confirm the presence of Tn916 DNA in the supercoiled molecule, the gel shown in Fig. 2 Upper was subjected to Southern blot analysis using a specific probe consisting of a DNA frgment internal to the transposon (Fig. 2 Lower). As expected, hybridization occurred with the supercoiled form seen in undigested pJRS1006 (Fig. 2 Lower, lane 10; see arrow) and in pJRS1006 incubated with enzymes that do not recognize sites in Tn916 (lanes 4 and 8) . When pJRS1006 was digested with HindIII, which cuts at a single site within the transposon, the 16.4-kb supercoiled molecule was no longer detected by the probe, which hybridizes to the expected 14.7-kb junction fragment containing the right arm of Tn916 (see Fig. 1 1 ). The probe is a 32P-labeled 9. Genetics: Scott et al. ' iii !,
-a*-high one in E. coli) or after some stimulus such as cell-cell contact (in Gram-positive organisms). Excision results in a free supercoiled form of the transposon that then interacts with target DNA in an unknown fashion to insert into it. Except in a few strains of Streptococcus mutans (25) , the choice of a target site appears to be random. A unique feature of conjugative transposons is that donor and target replicons need not be in the same cell. The insertion process in Gram-positive organisms is much more efficient than in E. coli, since in the latter, the transposons that are excised are usually lost from the cell line.
Because conjugative transposons have no terminal repeated sequences and do not cause duplications in their target DNA, their mechanism of transposition must differ from that of the better-studied transposons. Excision of conjugative transposons differs from that of TnJO and other well-studied transposons that are thought to be excised during transposition because the latter destroy the donor molecule. It has been suggested that this destruction of the donor DNA provides the transposon with a selective advantage by maintaining the ratio of transposons to chromosomes (32) . However, conjugative transposon excision leaves the donor intact. The apparent symmetry of the recombination process involved in excision of conjugative transposons suggests that a circular transposon serves as a transpositional intermediate. In this report, we have identified and isolated such aform of Tn916.
After infection, phage Mu, which is considered to be a transposon, has been found to form a circle. However, in this form, the ends of the Mu DNA are held together by protein [see review by Derbyshire and Grindley (2)]. On the other hand, the circular form of Tn916 is apparently free of protein because it was isolated after phenol extraction and because it banded twice in cesium chloride/ethidium bromide gradients at the supercoiled position. It migrated through agarose gels as a supercoil of the size of Tn9J6.
When it is introduced into B. subtilis protoplasts by transformation, this purified supercoiled form ofTn916 can serve as an intermediate for transposition. The integrated Tn916 retains all its original properties and is able to cause conjugative transposition to another Gram-positive organism, S. pyogenes. The frequency oftransformation ofBacillus protoplasts with supercoiled Tn916 is much greater than the frequency of transformation with the entire E. coli plasmid containing the transposon. (Neither the E. coli plasmid nor Tn916 is able to replicate in Bacillus.) This suggests that, at least in Bacillus, excision of the transposon is the rate-limiting reaction in transposition.
Thus, the supercoiled form of Tn916 can serve as a transposition intermediate, because it causes the reaction to go to completion efficiently. However, it remains possible that other forms of the transposon may also function as intermediates. To establish whether the excised, free supercoiled form is necessary as well as sufficient for transposition, mutational analyses (12) are required.
An analogy between excision of conjugative transposons and excision of a temperate phage has been proposed (3), but recent sequence analyses indicate that the details of the two differ. The Campbell model for excision relies on the reciprocity and symmetry of the process: all bases in the donor DNA and in the prophage are conserved. However, when TnJS45 is excised, four bases at the ends of the element change (33) , and, for Tn916, apparently a single base change occurs (12) . Additional data will be required before a molecular model can be proposed for this process.
After conjugative transposition, the chromosome of the transconjugant frequently contains several copies of Tn916. Although this may result from replication of the entering element, it may also occur because the conjugational donor carried multiple copies of the element, either on a multicopy plasmid, at several sites in the chromosome, or because the chromosomal region containing the transposon had replicated prior to transfer. In addition, free Tn916 supercoils are present in a high enough concentration in E. coli carrying pJRS1006 to suggest that the circular transposon can replicate independently. However, there is no direct evidence for replication of these transposons, and the frequent observation of precise excision from a donor molecule favors the possibility that they do not replicate when they are excised. If the excised intermediate is a replicon, introduction of this form of Tn916 into a naive cell by transformation should lead to its replication. Because all seven of the transformants we examined contained a single copy ofTn916,-it appears unlikely that this element can replicate. Therefore, it seems likely that the free transposon supercoils present in E. coli are generated continuously by excision from the resident multicopy plasmid.
Our work suggests an approach to moving cloned genes from E. coli into Gram-positive organisms that may be especially useful in cases in which it is desirable to maintain the cloned gene at a copy number of one and in organisms for which no shuttle vectors have been developed. The conjugative transposon may be used as a vector by cloning the gene of choice in a restriction site in a region that is not essential for transposition or expression of drug resistance. The transposon need not be purified for this process; the cloning may be done in an E. coli plasmid containing the transposon, such as -pAM120. Transformation of this plasmid into B. subtilis protoplasts with selectibn for the resistance marker of the transposon will result in transposition of the element into the chromosome of the recipient, because the plasmid cannot replicate in this host. The resulting B. subtilis strain can then be used as a conjugational donor to introduce the transposon containing the cloned gene into the Gram-positive organism of choice. Although the mating frequency may be low, the desired transconjugants can be selected directly by using the drug resistance marker on the transposon.
Because there is no transformation system for S. pyogenes and because there is no shuttle vector maintained at unit copy number in this organism, we are currently using this method to introduce the S. pyogenes emm6 gene, which has been mutagenized in vitro, into an S. pyogenes recipient strain. It is not yet known whether the presence of an S. pyogenes gene in Tn9J6 will direct integration of the element into the homologous chromosomal region, but the transposon with its cloned gene should be present in one copy. We expect conjugative transposons to be especially useful for studies of cloned genes of Gram-positive organisms because these transposons are readily transferred between Gram-positive and Gram-negative strains by transformation.
